INTRODUCTION {#s1}
============

In the field of neurorehabilitation, kinesthetic illusion[@r1]^)^ has been used as a rehabilitation therapy for patients who have suffered a stroke. Kinesthetic illusion is used to create the impression of limb movement in the brain, without patients actually having to perform the movement voluntarily[@r1]^)^. Kinesthetic illusions, which are induced by sensorimotor information in the brain, involve the excitement of sensorimotor cortical areas and the association of underlying neuronal activity with motion control and skill learning is believed to have beneficial effects in rehabilitation[@r2]^)^.

The therapeutic effects of kinesthetic illusion on the motor deficits of patients with stroke have been reported in a number of publications[@r3], [@r4]^)^. Most studies have employed mirrors to induce kinesthetic illusion[@r5], [@r6]^)^. For example, Altschuler et al.[@r7]^)^ demonstrated that mirror-induced kinesthetic illusions resulted in recovery of motor function even in patients in the chronic phase of post-stroke recovery (i.e., 6 months or longer after the occurrence of stroke). In addition, Dohle et al.[@r8]^)^ examined the effects of a mirror-based treatment on patients suffering severe paralysis after stroke and found improvements in finger motor function after the intervention.

When an intervention task entails processing visual information during kinesthetic illusion, various types of brain functions, such as cognitive, visual information processing, and motor functions, related to the unaffected extremity can affect performance of the task. Therefore, the stimulus used in the task itself should be as simple and passive as possible. Thus, some studies have used vibratory stimulation[@r3], [@r9], [@r10]^)^ as a method for inducing kinesthetic illusion.

Functional magnetic resonance imaging[@r10]^)^ and magnetoencephalography[@r11]^)^ have implicated the following regions in kinesthetic illusion-related neural activity: the primary sensorimotor cortex, the sensory association area, the supplementary motor area, and the angular gyrus. During kinesthetic illusion, subjects predict a sensation even before motion occurs. Given that previous sensorimotor experiences need to be simulated in kinesthetic motor imagery[@r12]^)^, it is important that brain function be analyzed based on the degree of kinesthetic illusion achieved. Therefore, in order to determine the brain functions occurring during such an illusion, detailed temporal and spatial analyses (from the beginning of kinesthetic motor image formation) need to be performed before the induced kinesthetic illusion occurs.

The electroencephalographic mu-rhythm[@r13]^)^ (μ-wave) is useful as a neurophysiological index for capturing data from such analyses. A μ-wave is the high-frequency component ranging from 10 to 13 Hz of the alpha band[@r14]^)^, which appears in the sensorimotor cortex[@r13], [@r15]^)^ and the supplementary motor area[@r16], [@r17]^)^. Since this wave is attenuated not only by actual motion, but also by kinesthetic motor imagery[@r13], [@r15]^)^, it reflects neural activity both during kinesthetic illusion and during the generation of a motor image. To date, the association between kinesthetic illusion and μ-waves has been reported for healthy subjects[@r18]^)^, but not for stroke patients.

Thus, the purpose of this study was to examine the impact of kinesthetic illusion, produced by vibratory stimulation, on the cerebral neural activity of patients with stroke, through functional neuroimaging of μ-waves.

SUBJECTS AND METHODS {#s2}
====================

Subjects
--------

In accordance with the Declaration of Helsinki, the scope and contents of this study, as well as the precautions against the disclosure of personal information, were explained to the subjects verbally and in written form. Upon their understanding of the explanations, subjects provided their written informed consent by signing the relevant documents. The study was approved by the Ethics Committee of Kurume University School of Medicine.

This study was conducted on 12 healthy subjects (six men and six women; mean age: 60.1 ± 3.2 years) with no orthopedic or nervous system disease, or motor deficits or sensory disorders (the healthy group), and 13 patients with stroke (seven men and six women; mean age: 61.1 ± 3.8 year; the patient group). The dominant hands of the subjects in the healthy group were assessed using the Edinburgh Inventory[@r19]^)^, and all subjects were confirmed to be right-handed. We confirmed that none of the subjects in the patient group had any cognitive dysfunction or disorder, or any sensory impairment. The attributes of the patients are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Attributes of the patient groupCharacteristics of patientsAge, yrs (range)61.1 ± 3.8 (56−68)Male:Female (n)7:6 (n = 13)Diagnosiscerebral infarctionlacunarthalamus2internal capsule2corona radiata4atherothrombosis1cerebral hemorrhagethalamus2putamen2Paralysisright13left0Dominant handright13left0Time from injury, months12.6 ± 7.6UE-FMA21.8 ± 5.6MMSE26.9 ± 1.8UE-FMA: Fugl-Meyer Assesment (UE), MMSE: Mini-Mental State Examination.

Electroencephalography
----------------------

The subjects were instructed to relax while reclining on a chair that had a backrest with an adjustable angle, and were asked to position the forearm of their left upper extremity (that is, the upper extremity on the non-measured side) so that the elbow touched the chair. It was first explained to subjects that electroencephalographic measurements would be performed under two conditions: a resting state, the control condition (rest), and during the application of a vibratory stimulation, the task condition (vibratory stimulation).

The motion targeted in the vibratory stimulation-induced kinesthetic illusion was extension of the right elbow joint. Therefore, the bicep tendon of the right upper arm was selected as the stimulation site. Because the stimulation was applied to the skin, cutaneous stimulus receptors, in addition to muscle spindles, were excited. The μ-waves, which change according to sensorimotor information, are also influenced by sensory information received from cutaneous stimuli[@r20]^)^; therefore, as a control, the subjects were asked to envision that elbow flexion was prevented due to contraction of the bicep muscle during vibratory stimulation[@r20]^)^. In order to ensure that the forearm would not be in contact with the trunk, the measurer fixed a hand massager (THRIVE MD-01; Thrive Co., Ltd., Osaka, Japan) on the bicep tendon of the subjects' right arms.

At rest, electroencephalographic measurements were conducted without applying any vibratory stimulation. During the stimulation, vibrations with a frequency of 91.7 Hz[@r1], [@r10], [@r21]^)^ were applied. In addition, since visual information pertaining to the non-moving upper extremity has been found to reduce kinesthetic illusion, subjects were instructed to close their eyes during the vibratory stimulation[@r9]^)^.

Data were collected for 3 to 9 days (mean 4.9 ± 2.0 days). Vibratory stimulation and rest assessment were both carried out twice a day for 3 consecutive or non-consecutive days. After-effects were taken into consideration by allowing subjects to rest between vibratory stimulation sessions. Thus, the measurements were obtained in a total of twelve sessions. The average value of the brain wave data of the twelve measurements was calculated, and used as the data for each subject.

Electroencephalographic measurements were performed during the two conditions, and a Neurofax EEG-1200 (Nihon Kohden, Tokyo, Japan) was used to record the electroencephalograms. Measurements were conducted at 18 sites of the international 10‒20 system (F3, F4, F7, F8, Fz, C3, C4, Cz, P3, P4, Pz, O1, O2, Oz, T3, T4, T5, and T6), with the earlobes on both sides as the reference electrodes. Data were processed with a bandpass filter of 0.5 to 60 Hz, and the sampling frequency was 1,000 Hz. The duration of the measurement was set to 60 s per session for both the rest and vibratory stimulation conditions[@r10]^)^.

Data analysis
-------------

For the imaging analysis, 30 epochs were extracted from the data obtained under each condition (the duration of one epoch was 2 s), and a frequency analysis was performed. The data within the μ-wave frequency range (10 to 13 Hz) were calculated and used for intracerebral spatial analyses using the Standardized Low Resolution Brain Electromagnetic Tomography (sLORETA) analysis[@r22]^)^, a method that allows three-dimensional image display of intracerebral neural activity. The values of each voxel in the brain areas displaying neural activity under each condition were calculated as the neural activity (current source density \[CSD\]; μA/mm^2^\*10^−3^), and were identified in terms of Brodmann's area (BA) and Montreal Neurological Institute (MNI) coordinates[@r23]^)^. By averaging data using the sLORETA Averager software, the neural activity could be calculated as the global field power (GFP) value[@r22]^)^ in the two groups under both the rest and vibratory stimulation conditions. In addition, the intracerebral neural activities of the two groups under each condition were compared using the statistics in sLORETA SnPM[@r24]^)^. In this analysis, the neural areas showing significant differences in activity (with a statistical significance level of 5%) were colored, calculated, and drawn. The significance threshold was based on a permutation test with 5000 permutations, using log-transformed LORETA values, with subject-wise normalization (on the assumption that differences in the base-line activity between healthy subjects and patients may exist). When μ-waves manifest in the sensorimotor cortex[@r13]^)^, frontal lobe[@r25]^)^, or occipital lobe[@r26]^)^, the waveform components and the names of the waves can differ (such as α-waves) depending on their region of occurrence. Interestingly, this phenomenon is evident even when these waves have the same frequency range. Thus, in this study, the different types of μ-waves were investigated separately.

RESULTS {#s3}
=======

Prior to the analysis, participants were asked what type of feeling they sensed in the elbow joint upon vibratory stimulation, and 23 of the 25 initially recruited subjects answered: "I felt as though my elbow kept extending continuously," and "I felt as though the elbow continued to move toward the opposite side by itself." This confirmed that kinesthetic illusion was successfully induced. However, for two participants in the patient group, a kinesthetic illusion could not be confirmed. Therefore, the data of the 12 subjects in the healthy group and the remaining 11 subjects in the patient group were used for the analysis.

The MNI coordinates and CSD values of the areas showing significant differences between the groups under each condition. In the healthy group, intracerebral neural activity in the μ-wave frequency range was observed at rest in an extended region of motor area BA4 and sensory areas BA3, 2, and 1 in the sensorimotor cortex, as well as in supplementary motor area BA6. On the other hand, α-waves were observed in an extended region of the prefrontal cortex and occipital lobe, which showed significantly higher neural activity than other areas of the cerebral cortex ([Fig. 1-a](#fig_001){ref-type="fig"}Fig.1.Neural activity in the μ-wave range at rest. a: Healthy group. b: Patient group. Areas of the brain where the μ- and α-waves significantly increased are indicated in yellow and red. c: Comparison of the neural activities of the healthy and patient groups. Areas of the brain where the μ- and α-waves significantly increased compared to the patient group are indicated in yellow and red. Color scale values below the images indicate t-values (t = 2.288)). In the patient group, significantly stronger μ-wave activity was found in the sensorimotor cortical areas, and the supplementary motor area BA6, while α waves were observed in an extended region of the occipital lobe ([Fig. 1-b](#fig_001){ref-type="fig"}). In comparison to the patient group, healthy individuals showed a significant increase in neural activity in sensorimotor cortical areas, supplementary motor area BA6, the occipital lobe, and the prefrontal area ([Fig. 1-c](#fig_001){ref-type="fig"}).

In both groups, intracerebral neural activity of the μ-wave frequency band during vibratory stimulation showed significantly higher activity in the occipital lobe than in other areas of the cerebral cortex; however, sensorimotor cortical areas showed no significant activity in the μ-wave frequency band during neural activity ([Fig. 2-a, b](#fig_002){ref-type="fig"}Fig. 2.Neural activity in the μ-wave range during vibratory stimulation. a: Neural activity in the μ-wave range of the healthy group. b: Neural activity in the μ-wave range of the patient group. Brain areas where the μ- and α-waves significantly increased are indicated in yellow and red.. c: Comparison of the neural activities of the healthy and patient groups. Areas of brain where the μ- and α-waves significantly increased in the healthy group compared to the patient group are indicated in yellow and red, and areas of the brain where the μ- and α-waves significantly increased in the patient group compared to the healthy group are indicated in light blue and blue. Color scale values below the images indicate t-values (t = 2.264)). In comparison to the patient group, the healthy group showed a significant increase in activity in the occipital lobe, while the patient group exhibited greater activity in the supplementary motor area BA6 ([Fig. 2-c](#fig_002){ref-type="fig"}).

DISCUSSION {#s4}
==========

This study examined the impact of kinesthetic illusions induced by vibratory stimulation on the intracerebral neural activity in patients with stroke, using functional neuroimaging analysis of electroencephalographic μ-waves as a neurophysiological index.

At rest, the patient group showed μ- and α-waves in the sensorimotor cortical areas, prefrontal areas, and in an extended area over the occipital lobe. These results were consistent with the conventionally known origins of μ-waves, namely, the sensorimotor cortical areas[@r13]^)^, frontal lobe[@r25]^)^, and occipital lobe[@r26]^)^. The presence of μ-waves at rest reflected the inhibition of neuronal excitation in sensorimotor areas, and may also reflect the resting state similar to α-waves[@r25]^)^. Therefore, our results confirm previous reports of brain waves in the frequency range of 10 to 13 Hz at rest. Our findings also indicate the reliability of the electroencephalographic parameters measured in this study.

A comparison of the control and patient groups at rest showed that α-waves were significantly decreased in the prefrontal cortex and in the occipital lobe in the patient group compared to the healthy group. In general, the production of α-waves decreases with age[@r27]^)^ or stroke[@r28]^)^. Recently, Dubovik, et al.[@r29]^)^ reported that ischemic lesions caused by stroke decrease the synchrony of α-waves. Moreover, they concluded that this decrease is related to the cognitive and motor deficits observed in stroke patients. In addition, as a characteristic property of electroencephalograms in patients with stroke, the laterality of α-waves is not limited to the damaged site, but is often found in the sensorimotor cortical areas and occipital lobe. In the thalamus, α-waves are suppressed when the anteromedial region is damaged[@r30]^)^. The lateral edges of lesions in many of our participants were located in the anterior and mediolateral regions of the thalamus. This may have contributed to the significant reductions in μ- and α-waves seen in the patient group compared to the healthy group.

Furthermore, in the sensorimotor cortex and supplementary motor area BA6, μ-waves were significantly decreased in the patient group compared to the healthy group. BA6 conducts oriented processing of information[@r31], [@r32]^)^ for the sensorimotor cortical areas, suggesting that BA6 may functionally be closely related to the sensorimotor cortex. The neural activity in these areas is known to involve a decrease in μ-waves during preparation for motor execution, the so-called "idling" rhythm[@r33]^)^. Therefore, the stroke-induced decrease of α-waves might include μ-waves. However, our findings suggest that motor impairment may have affected the process from the stage before the integration of sensorimotor information aimed at executing motion, and that the neural basis of those regions may be functionally different from those of the healthy group.

During vibratory stimulation, intracerebral neural activity in the μ-wave frequency band did not change significantly in the sensorimotor areas of either subject group. This suggests an increase in information from the sensorimotor cortical areas, that plays an important role in the processing of kinesthetic information from the muscle spindles, and in motor perception[@r3]^)^. In this case, μ-waves may have been attenuated because of the asynchronous nature of neuronal activity on the two sides[@r34]^)^ in the sensorimotor cortical areas[@r13], [@r15]^)^. Neural activity in the motor area BA4 is not only involved in the processing of sensory information from the muscle spindle, but is also related to sensorimotor information per se[@r3]^)^. Such information includes the kinesthetic illusion that results from the process; thus, kinesthetic illusions are greater when the excitation of the motor area is more extensive[@r2]^)^. Our results therefore indicate that kinesthetic illusions triggered by vibratory stimuli increased neural activity in the sensorimotor cortical areas.

A comparison of the two groups found that activity in BA6 significantly increased during vibratory stimulation in the patient group compared to the healthy group. Previous studies have shown that, in patients with stroke, μ-waves are decreased compared to healthy subjects[@r35]^)^. In addition, our study revealed differences in the neural activity of the supplementary motor area BA6, but not in the motor area BA4, which is responsible for perception during kinesthetic illusions. Therefore, there may be differences between the healthy subjects and patients in terms of processing of neural information during the generation of kinesthetic illusions. BA6 is involved in spatial cognition of sensorimotor information[@r36]^)^, not only during actual movement, but also during kinesthetic illusion. This area stores simulations of motor imagery based on previous sensorimotor experiences, which are needed for kinesthetic illusion[@r12]^)^, and it is considered to be the area that discriminates sensorimotor information[@r37], [@r38]^)^. Therefore, it could be hypothesized that patients with stroke functionally differ from healthy individuals in terms of the generation of kinesthetic illusions, and particularly at the simulation stage or in the storage of motor imagery.

In this study, electroencephalographic analysis was found to be a useful tool for reflecting[@r38]^)^ brain functioning after stroke. We examined the effects of kinesthetic illusion on intracerebral neural activity in patients after stroke using functional neuroimaging analysis based on μ-waves. Our findings suggest that kinesthetic illusions occur in patients with motor deficits due to stroke, and that such patients exhibit elevated neural activity in the sensorimotor areas and in supplementary motor area BA6. Our study shows the importance of motor imagery in kinesthetic illusion. However, this study did not compare or verify neural activity in the sensorimotor, supplementary motor, or related areas. Moreover, motor imagery ability or motor function of the subjects was no evaluated. In future, the functional association between sensorimotor areas and related brain regions will require further detailed examination using electroencephalographic analysis. More specifically, these analyses will need to investigate the induction and generation of kinesthetic illusion and neural activity in sensorimotor cortical areas. It will also be important to quantitatively compare healthy subjects and patients with stroke with respect to their abilities to recall motor images, and to assess the association of this process with activity in the supplementary motor area.
